Development of miniaturized electronic systems has stimulated the demand for miniaturized power sources that can be integrated into such systems. Among the different micro power sources micro electrochemical energy storage and conversion devices are particularly attractive because of their high efficiency and relatively high energy density. Electrochemical micro-capacitors or micro-supercapacitors offer higher power density compared to micro-batteries and micro-fuel cells. In this paper, development of on-chip micro-supercapacitors based on interdigitated C-MEMS electrode microarrays is introduced. C-MEMS electrodes are employed both as electrode material for electric double layer capacitor (EDLC) or as three dimensional (3D) current collectors of EDLC or pseudo-capacitive materials. Recent advancements in fabrication methods of C-MEMS based micro-supercapacitors are discussed and electrochemical properties of C-MEMS electrodes and it composites are reviewed.
INTRODUCTION
Advancements in the field of micro-and nano-scale fabrication have inspired development of micro-power sources which are potentially able to be integrated to small electronic devices. Several kinds of micron-sized power sources such as micro-batteries 1 , micro-fuel cells 2 , micro-supercapacitors 3 and energy harvesters 4 have been developed in recent years. Among these, micro-electrochemical energy storage and conversion devices such as batteries, fuel cells and supercapacitors are particularly attractive because of (i) their higher efficiency compared to internal or combustion engines; (ii) their relatively high energy density and (iii) their advantages related to their operation such as low-vibration, low-noise, and negligible air pollution 5 . In particular, micro-supercapacitors have attracted attention for applications that require high power. Micro-supercapacitors with high power density can be coupled with energy harvesting devices to store the generated energy. Moreover, they can also be paired with micro-batteries to provide the peak power and improve the cycle lifetime. Based on the charge storage mechanism, electrochemical capacitors (ECs) can be divided into electric double layer capacitors (EDLCs) and pseudo-capacitors 6 . The former utilizes interfacial double layer capacitance of various types of carbon materials to store electric charge. The latter, the pseudo-capacitor or redoxcapacitor, uses fast and reversible surface or near-surface redox reactions for charge storage. The active materials of pseudo-capacitors include transition metal oxides and conductive polymers 6, 7 .
There have been prominent advances in micro-supercapacitor field in recent years. A great deal of attention has been focused on increasing the energy and power densities of micro-supercapacitors by improving architecture and materials properties of the devices. schematically presented in Fig. 1a . In brief, a two dimensional interdigitated finger pattern was firstly created using the photolithography of SU-8 25 photoresist. SU-8 25 was spin coated on the substrate with initial speed of 500 rpm and then accelerated to 3000 rpm and stayed for 30 s. Then, the spin coated photoresist was baked for 3 min at 65°C and 7 min at 95°C on a leveled hotplate. The baked photoresist was patterned with a UV exposure dose of 300 mJcm -2 . Postexposure bake was done for 1 min at 65°C and 5 min at 95°C on a leveled hotplate. Next, another photolithography process was employed using the SU-8 100 photoresist to create cylindrical posts on patterned fingers. In this step of the process, SU-8 100 was first spin coated on a finger patterned substrate, where a speed of 500 rpm was chosen to spread the photoresist, after which the speed was increased to 1500 rpm and kept at this speed for 30 s. Spin coated photoresist was then baked for 10 min at 65°C and 45 min at 95°C in an oven. The exposure was done using a UV exposure dose of 700 mJcm -2 . Post-exposure bake was performed for 3 min at 65°C and 10 min at 95°C in an oven. Then the sample was developed in the SU-8 developer. Finally, the resulting SU-8 structures were pyrolyzed at 1000 °C for 1 h in forming gas atmosphere (i.e., 95% nitrogen and 5% hydrogen). To remove the residual carbon between the fingers after pyrolysis, all samples were subjected to oxygen plasma treatment at 400 mTorr with a power of 150 W for 20 s prior to other experimental investigations. After plasma treatment electrical resistance between the interdigitated electrodes was measured and the resistance in the order of mega Ohms was confirmed. The final ineterdigital C-MEMS microsupercapacitor is schematically shown in Fig. 1b. 
MICRO-SUPERCAPACITORS FABRICATED THROUGH C-MEMS TECHNIQUE

Micro-supercapacitors from as-pyrolysed C-MEMS structures
Electrochemical properties of the Interdigital C-MEMS electrodes shown in Fig. 1b were tested in a two-electrode set-up in 0.5M H 2 SO 4 aqueous electrolyte. Cyclic Voltammetry (CV) was used to determine the electrochemical properties of C-MEMS micro-supercapacitors. Fig. 3 shows CV curves at various scan rates. The CV curves show a near rectangular shape at all scan rates. The average current is low, ranging from 3.48 to 2.84 µA, and increases by increasing the scan rate. The specific gravimetric and geometric capacitances of the cells were calculated from CV curves over the discharge half the first CV cycle. At 20 mVs -1 scan rate, the specific gravimetric and geometric capacitances of C-MEMS electrodes were 0.020 F g -1 and 0.046 mFcm -2 , respectively. Considering the relatively smooth and pore-free surface of the photoresist derived carbon structures, the low specific capacitance of as-pyrolysed C-MEMS electrodes is reasonable [20] . This implies the active surface of these electrodes is limited to their measurable geometric surface. 
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• C which is higher than decomposition temperature of Iron nitrate (126 • C). Four different thicknesses of catalyst layers were obtained by controlling spray deposition times (30, 60, 90, and 120 min). SEM studies of deposited catalysts layers showed that the distribution of catalyst particles on the carbon structures is not homogenous for the deposition times lower that 90 min 21 . For the deposition time of 90 min, the most uniform catalyst film was formed on the carbon structures. When deposition time was prolonged to 120 min lots of bigger particles appeared and the uniformity of particles declined. Therefore, it was concluded that 90 min is the optimum time for depositing the catalyst particles on C-MEMS. The CNTs were synthesized in a quartz-tube CVD furnace. Experimental details of CVD process are reported elsewhere. Fig. 6 shows the representative CV results of blank C-MEMS and CNT/C-MEMS composites obtained at different catalyst deposition times. The CV profiles of all the CNT/C-MEMS composites exhibit nearly symmetrical rectangular shapes in the range of −0.1-0.9 V at 2 mVs −1 , which is an ideal capacitive behavior. The specific capacitance of blank C-MEMS electrode is 1.6 F/g .The specific capacitances of C-MEMS/CNT composite electrodes depend on the catalyst deposition time. For deposition time of 30, 60, and 90 min the specific capacitances of the electrodes are 22 F/g (5.5 F/cm 2 footprint), 27 F/g (6.8 F/cm 2 footprint), and 33 F/g (8.3 F/cm 2 footprint), respectively. Specific capacitance decreases to 28 F/g (7.0 F/cm 2 footprint) when the deposition time increases to 120 min. This shows that the homogeneity of the deposited catalyst film is an important factor in determining the performance of the composite electrodes. 
C-MEMS/PPy composite micro-supercapacitors
As it was mentioned earlier, energy and power density of C-MEMS micro-supercapacitors can be improved by addition of high capacity material to the carbon structures. In this method, 3D C-MEMS structures act as high effective surface area current collectors the capacitive materials. To prove this concept, we have fabricated symmetric electrodes for micro-supercapacitors by electrochemical deposition of PPy films onto the 3D C-MEMS structures. PPy is a promising material for the redox supercapacitor electrodes due to its low cost, facile synthesis, environmentally friendliness, fast kinetics and high energy density, and consequently PPy has been subject of much research as the material for supercapacitor electrodes 23 . PPy was electrochemically deposited on the C-MEMS current collectors from an electrolyte solution of 0.1 M Pyrrole monomer and 0.5 M LiClO 4 supporting salt at constant current density of 1 mAcm -2 for durations of 5 to 15 min. Fig. 5a shows the CV curves of symmetric PPy electrodes with deposition times of 5, 10 and 15 min at 20 mVs -1 scan rate. CV curves have a rectangular shape for all polymerization durations. The specific capacitance and specific power of the symmetric micro-supercapacitors for different polymerization times are presented in Fig. b . The specific capacitance and power are both increasing with an increase in polymerization time. 
CONCLUSIONS
The C-MEMS technique was used to fabricate on-chip micro-supercapacitors. Two main approaches were considered to develop micro-supercapacitor electrodes. In the first approach, the 3D carbon structures which were fabricated through the C-MEMS technique acted both as the electroactive material and current collector of the micro-supercapacitor. Although the specific capacitance and power of as-pyrolysed C-MEMS electrodes was not comparable to those of microsupercapacitors developed by other methods, electrochemical activation of C-MEMS electrodes resulted in increased specific capacitance (60.01 mFcm -2 ). In the second approach, C-MEMS electrodes were used as 3D current collectors for other electroactive materials. Composites of C-MEMS electrodes with CNTs and PPy were fabricated and their electrochemical performances were tested. At 2 mVs -1 scan rate of CV, C-MEMS/CNT single electrodes show a specific capacitance of 33 F/g (8.3 F/cm 2 footprint) at optimum catalyst deposition time of 90 min. C-MEMS/PPy symmetric micro-supercapacitors also showed promising electrochemical properties. At 20 mVs -1 CV scan rate, the specific capacitance and power of symmetric C-MEMS/PPy micro-supercapacitors were measured to be 157.64 mFcm -2 and 1.26 mWcm -2 , respectively. These results show that C-MEMS technique is a very promising method to fabricate microsupercapacitors.
